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Coupled crystal orientation-size 
effects on the strength of nano 
crystals
Rui Yuan1, Irene J. Beyerlein2 & Caizhi Zhou1
We study the combined effects of grain size and texture on the strength of nanocrystalline copper 
(Cu) and nickel (Ni) using a crystal-plasticity based mechanics model. Within the model, slip occurs 
in discrete slip events exclusively by individual dislocations emitted statistically from the grain 
boundaries. We show that a Hall-Petch relationship emerges in both initially texture and non-textured 
materials and our values are in agreement with experimental measurements from numerous studies. 
We find that the Hall-Petch slope increases with texture strength, indicating that preferred orientations 
intensify the enhancements in strength that accompany grain size reductions. These findings reveal 
that texture is too influential to be neglected when analyzing and engineering grain size effects for 
increasing nanomaterial strength.
It is well known that polycrystalline materials with smaller average grain sizes are stronger1. Most often, it is 
observed that the strength scaling with grain size D follows a Hall-Petch relationship
σ = σ + −kD (1)0
1/2
where σ 0 is the friction resistance for dislocation movement within polycrystalline grains and k is the Hall-Petch 
slope. Yield strength and flow stress result from the motion of dislocations on specific crystallographic planes. 
Within the grains, dislocations nucleate, propagate, recover, and collect in pile-ups or as subgrain structures2. 
Many theories have been developed to link these dislocation processes to the observed Hall-Petch relation1,3–5. 
Most, but not all, suggest that the empirical, pervasive Hall-Petch law involves a grain size effect on the size of the 
dislocation pile-ups or the accumulation of dislocations within grains. The Hall-Petch value, k, in these cases is 
related to the shear stress required to push the leading dislocation to transmit through the grain boundary (GB).
In addition to grain size, strength also depends on the texture of the material, the distribution of crystallo-
graphic orientations6. The number of active slip systems and the distribution of shears among them depend on 
the orientation of the grains. The effect of texture on the strength scaling has received considerably less attention. 
Previously, its effect has been appreciated by introducing the Taylor factor mT within the Hall-Petch slope k1, in 
order to relate the resolved shear stress needed to move a dislocation across the GB to a macroscopic uniaxial 
stress for the material. This factor is calculated as the inverse of an effective Schmid factor and hence varies with 
texture. As mT increases, the Hall-Petch value will increase.
Over the past several years, numerous experiments have reported that the Hall-Petch scaling applies even to 
materials with grain sizes that lie in the nano-scale regime (~10 nm < D < 100 nm)7–22. The reason it occurs for 
both coarse- and nano-grained polycrystalline materials is not intuitive. In-situ transmission electron microscopy 
(TEM) and molecular dynamics (MD) studies of deformed nanocrystalline materials have provided insight into 
how dislocations move within the grains and they suggest that the predominant kinetics is very different than that 
in coarse-grained materials. First, they have revealed that dislocation-dislocation interactions and dislocation 
accumulations seldom happen within nano-sized grains23. Second, the plastic deformation of nanocrystalline 
(NC) metals instead proceeds by discrete and separated dislocation slip events, in which a dislocation originates 
at a grain boundary, glides across the grain unhindered, and recovers at the opposing grain boundary3,23,24. None 
of these phenomena predominate in deformed coarse-grained materials, yet Hall-Petch scaling is seen to pre-
vail in most NC and coarse grained (CG) material studies. It may arise simply because over the nano-grain size 
range, NC material yield strength is nevertheless related to dislocation processes operating within the grains. 
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Armstrong25 suggested that the Hall-Petch model occurs in NC materials since grain boundaries still resist dis-
location motion. When grain sizes decrease to nano-scale, the number of pile-up dislocations decreases, transi-
tioning from a multiple dislocation pile-up to a single dislocation loop expanding against the grain boundary.
When crystallographic slip occurs, texture should matter when material strength is a concern. In contrast 
to CG materials, texture effects on NC material strength have not been a focus and attention is usually given to 
improving processing techniques by reducing the grain size, chemistry, and grain boundaries. However, these 
different NC material processing methods inevitably induce noticeably diverse crystallographic textures26. A few 
recent studies, dedicated to analyzing both texture and size scaling in NC materials, have reported a strong effect 
of texture. In nanotwinned (NT) columnar Cu, the yield stresses measured when testing parallel and perpendic-
ular to the twin boundaries differed by 30%27. The yield stress in NT Ag films showed a strong dependence on 
the intensity of the epitaxial {111} texture component28. Dalla Torre et al.7 investigated two commercial NC Ni 
samples with the same grain size (~20 nm) and clearly demonstrated that the strong (100) and weak (100) initial 
textures can result in non-negligible differences in yield strength, ultimate tensile strength and plastic strain. 
Godon et al.14 studied the effect of crystallographic texture on the relationship between grain size and flow stress 
in NC Ni. Their experiment results showed three distinct regimes in the Hall-Petch plot, corresponding to sam-
ples with a (100) texture, (110) texture and random texture. They concluded that differences in Hall-Petch slope 
resulted from differences in the deformation mechanisms induced by texture. In most of the above cases, samples 
with different grain sizes had different textures. Understanding the degree of coupling between texture and nano-
grain deformation is important for interpreting measurements of strength-grain size scalings in nanocrystalline 
materials.
The strong texture effects seen in these studies are signatures of crystallographic slip mediated deforma-
tion. It is natural then to postulate that texture would influence the strength scaling observed in NC materials. 
Texture effects could be even stronger in NC metals than they are in coarse-grained (CG) metals due to the lack of 
strengthening from dislocation storage within the grains. Addressing this hypothesis computationally encounters 
a length-scale dilemma. On the one hand, spatially resolved crystal plasticity techniques like crystal plasticity 
finite element (CPFE) have been developed to calculate the effects of texture and texture evolution on the strength 
of polycrystals29. However, nearly all crystal plasticity based models assume that slip initiates and propagates 
homogeneously within the grains, without resolving the individual contributions of the dislocations30. While 
appropriate for CG materials, this assumption is not adequate for NC materials when the size of the dislocation 
loop becomes comparable to that of the grain. On the other hand, there are many atomic-scale or dislocation 
based models that account for the motion of single dislocations or a collection of distinct dislocations within 
nanocrystalline materials31. However the time and length scales of these techniques are too short for accessing the 
interplay of texture and slip in NC materials during laboratory mechanical testing.
Recently, we developed a CPFE model for NC materials, in which glide of a single dislocation is modeled as 
a discrete slip event, which initiates via its emission from a grain boundary and ends with its absorption at the 
opposing grain boundary. Glide on multiple planes is permitted and dictated by the stress state in the grain and its 
current orientation. For NC Ni, it was shown that the discrete-CPFE predicted a Hall-Petch scaling in spite of no 
pile ups or dislocation storage within the grains and the fact that the activation stresses for individual dislocations 
from GBs scaled as ln (D)/D and not D−1/2 32.
In this work, the discrete-CPFE model is used to understand the effect of texture on the strength scaling 
with grain size. Calculations are performed for NC Cu and Ni with grain sizes ranging from 10 nm to 100 nm, 
sizes for which dislocation storage within the grains is minimal, and for different starting textures, from random 
to some commonly observed textures formed by deposition or deformation processing. We will show that the 
model predicts emergence of a D−1/2 Hall-Petch scaling in yield strength for all initial textures and materials stud-
ied. For stronger initial textures, the Hall-Petch slope increases, indicating greater strength sensitivity to grain 
size reduction. An important consequence of this result is that the plastic anistoropy associated with a textured 
material increases as the grain size reduces. These findings indicate that is important to consider texture when 
analyzing size effects in NC material strength and can further help in the design of stronger and more formable 
NC materials.
Discrete-CPFE
Crystal plasticity theory based modeling is needed if we wish to study texture effects. In this class of models, two 
general approaches exist: mean-field and full-field techniques, such as crystal plasticity finite element (CPFE)33. 
The latter, although the more computationally intensive, calculates spatially resolved mechanical fields as a result 
of grain-grain interactions and differences in orientation across grain boundaries. In both approaches, the grains 
are assumed to deform by homogeneous slip, where dislocations move as statistical distributions independent of 
their proximity to the grain boundaries. The significant deviation made in the present CPFE model is that slip 
occurs in discrete slip events, where individual dislocations are emitted from a GB and absorbed at an opposing 
one. The intent is to best capture the discrete nature of dislocation motion in NC metals, where grain sizes and 
dislocation lengths become comparable.
Within the current CPFE framework, a rate-dependent elasto-viscoplastic constitutive model is used34. The 
elastic contribution accounts for cubic anisotropy. For the visco-plastic contribution, the following power-law 
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where γ
 0 is a reference shear strain rate, τ
α is the RSS on slip system α, τCRSS is a characteristic activation stress, 
and m is the strain rate sensitivity exponent. Most face centered cubic (FCC) metals deform using only the twelve 
{111} < 110> slip systems2. In our calculations, all systems are made available in each grain and activation of 
multiple slip systems simultaneously is permitted.
Within the model, the shape of the nanograins is assumed as a tetrakaidecahedron35, that is, a truncated 
octahedron as shown in Fig. 1(a). Most of the slip planes consequently take on a hexagon cross-section (while 
others may have a pentagon cross-section). Grain boundary sources take the form of a double-pinned dislocation 
segment of length L emanating from one of the six triple junctions of the plane. This grain boundary defect begins 
as a small embryo of activation length L0 on the order of the Burgers vector32. The embryonic dislocation expands 
until it is pinned at two ends by obstacles lying within the grain boundary32.
Growing the segment, now of length L (Fig. 1(a)) further requires a stress to bow out the dislocation between 
its two pinning points into the crystal to an unstable configuration, beyond which it can propagate into across the 
crystal without further increases in stress. Given the length of the double-pinned segment L, the characteristic 


















where μ is the effective shear moduli of the crystal and r0 is the core radius of the dislocation.
The value of L varies from L0 to D, the grain size. Assuming that any point within the grain boundary can be a 
pinning point leads to a statistical distribution in L and hence τCRSS32. Because the upper limit of L equals D, the 
mean and variation of the τCRSS distribution depends on D. To demonstrate, Fig. 1(b) shows the statistical distri-
butions for τCRSS for D = 25 nm, 100 nm and 300 nm and using values associated with Cu: r0 = 5b, b = 0.256 nm 
and μ = 48.3 GPa. As D decreases, the distribution shifts toward larger values and the dispersion increases. Thus, 
by virtue of statistical source lengths from grain boundaries, dislocation activation becomes harder (the statistical 
mean increases) and more variable (the statistical dispersion increases) as D decreases. In this model, D places a 
physical limit on the size of the dislocation sources and is shown to modify both the mean and variance of the 
τCRSS distribution.
Once emitted from a GB, the dislocation glides unhindered to the opposing grain boundary producing a shear 
strain given by3,32:
γ = c b
D (4)discrete
where c is a scaling parameter independent of grain size (c = 1.2 in this work), b is the magnitude of the Burgers 
vector, and D is grain size. After crossing the grain, the dislocation is immediately absorbed (annihilated) at the 
boundary. Thus, dislocations are assumed not to pile up and produce a backstress.
After emission of a dislocation on slip system α, the original source has been exhausted and a new GB source 
must take its place in order to emit another dislocation on the same slip system. As the defect state of grain 
boundaries changes in time, the length of the new source and hence the τCRSS to emit a dislocation from it are not 
expected to be the same as that of the previous one. With the model, we capture this phenomenon by randomly 
assigning a new τCRSS value from the corresponding τCRSS distribution for every new slip event. The time required 
for the discrete slip event to complete and hence a new τCRSS to be assigned can be calculated from equations  
(2) and (4).
Figure 1. (a) Schematic of a dislocation source emanating from a grain boundary triple junction in a 
nanograin. The grain is embedded in a polycrystal and the grain boundary facets that it makes with the 
neighboring grains give it a shape of a tetrakaidecahedron; (b) Comparison of the probability density 
distribution of CRSS in NC Cu with grains sizes of 25 nm, 100 nm and 300 nm.
www.nature.com/scientificreports/
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It is worth highlighting that the discrete slip mechanism modeled here contains two ways in which D affects 
slip. First, dislocations are activated from sources of length L, where L can be no longer than D the diameter of a 
grain. Second, the slip distance can extend no further than D and the shear strain produced by each event depends 
on D.
Material and Nanostructure
We use the model to investigate two types of NC materials, Ni and Cu, and different initial textures, all commonly 
studied in the literature. Electro- or physical vapor- deposition provides a highly textured NC material, where one 
set of planes is aligned along one direction and the remaining axes are otherwise randomly oriented in the other 
two orthogonal directions. We create a set of deposited {hkl} textures, where the {hkl} planes are aligned along the 
z-direction and nearly isotropic in the x-y plane. These include deposited {001}, {110}, and {111} textures. Severe 
plastic deformation (SPD) of two-phase composites is another way of forming nanomaterials37. These tend to 
produce textures where the interface planes correspond to {112} planes and the two in-plane directions of the NC 
Cu phase, the < 111> and < 110> directions, are highly aligned38. To model this initial texture, we build an SPD 
{112} texture in which these planes are aligned within a deviation of 20°. Last, other methods, such as ball-milling 
and consolidation processes18, produce nearly randomly oriented textures, and to understand these cases, as well 
as provide a natural reference situation, we numerically generate samples with a uniformly random texture.
Within the model, the kinetic equation (2), which introduces two parameters, the reference strain rate γ
 0 and 
rate sensitivity m, requiring characterization. For Ni, they are 10−2 s−1 and 0.1, respectively, which are taken from 
our prior work32. For Cu, we elect to use experimental stress-strain curves from NC Cu reported by Khan et al.18. 
There, the authors took great care in fabricating model-like samples that were sufficiently large for reliable 
mechanical testing and had a uniform grain size, making the data well suited for characterizing a model. Samples 
differing predominantly in their average grain size from 27 nm to 118 nm were tested. These experimental tests 
were conducted at a strain rate of 10−4 s−1 and therefore in the model, we set γ
 0 = 10−4 s−1.
Consistent with these tests, the model of a randomly textured NC Cu is subjected to uniaxial compression at 
constant strain rate of 10−4 s−1. Figure 2 compares the calculated results using m = 0.1 for all grain sizes with the 
experiment results. With a single set of parameters, the model achieves good agreement in flow stress and hard-
ening behavior for each test and most importantly, reproduces the pronounced grain size dependent strength in 
NC Cu. The value of m found here is well within the range of rate sensitivities reported for FCC metals16. In all 
calculations that follow, these parameters remain fixed.
Results
Figure 3(a) shows a Hall-Petch plot for the yield stress of NC Ni from different studies7–14. To first order, the com-
bined experimental data show that as grain size decreases, strength increases. However, whether the Hall-Petch 
strength scaling emerges is not evident from the collection due to substantial dispersion among the measure-
ments. Among samples of similar grain sizes, there may have been differences in texture, grain size dispersion, 
testing methods, and compositional purity and these factors can also affect yield stresses.
For comparison, Fig. 3(a) also presents the model results for the 0.2% yield stress taken from the calculated 
stress-strain curves for the different loading directions and initial textures. The calculation analyzes grain sizes 
no larger than 100 nm, since dislocation storage within these larger grains, not taken into account here, could 
contribute to further strengthening. Overall good agreement is achieved with the measurements in the sense that 
the different cases of starting textures and compression directions bound the data. Differences among the com-
puted curves for different initial textures are substantial. Thus, the good comparison implies that initial texture 
differences in NC samples alone can result in a significant dispersion in strength.
As shown, the calculated yield stresses from each test follow a Hall-Petch scaling in grain size. The Hall-Petch 
slopes vary from 7.9 to 11.5 GPa ∙ nm1/2. These predicted Hall-Petch values match well with the range 5.0 to 
~20.0 GPa ∙ nm1/2 commonly measured in NC Ni39,40.
Figure 2. Comparison of experimental and calculated stress-strain curves for texture-free NC Cu with 
various grain sizes. (Experiment data are taken from ref. 18).
www.nature.com/scientificreports/
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In Fig. 4(a), we compare the scaling curves for the yield stress of NC Ni with the deposited (111) and SPD 
(112) textures under compression in the z- and x-directions, respectively. The results indicate pronounced yield 
anisotropy. The greatest strength occurs in cases in which the compression direction corresponds to the direction 
of (111) pole alignment (the z-direction in the deposited (111) texture and the x-direction in the SPD one). This 
direction dependence agrees with many single crystal experiments as well as dislocation dynamics and crystal 
plasticity simulations42–44. Compression in the x-direction of deposited (111) texture and z-direction of SPD (112) 
textures produces a lower strength. For both NC Ni and Cu, the strength in the x-direction of SPD (112) textures 
is closed to the strength in the z-direction of deposited (111) texture, since both of them carry the strong (111) 
texture.
The model indicates that texture and test direction not only affect yield stress and plastic anisotropy in yield, 
but also the Hall-Petch slope. The slope is higher for the loading direction-texture combinations giving the higher 
strengths. The finding implies that for a given sample, the direction leading to the highest strength would experi-
ence the highest gains in strength with reductions in grain size.
Figure 3(b) shows a Hall-Petch plot for the yield strengths of NC Cu collected from a large number of stud-
ies15–21. The experimental data plotted include tests from samples varying in textures and loading orientations. 
Over this range of grain sizes, smaller grain sizes lead to stronger material; however, considering all the data in 
Figure 3. (a) Comparison of predicted yield strengths with experimental results on NC Ni from various  
groups; (b) Comparison of predicted yield strengths with experimental results on NC Cu from various groups.  
The dashed line represents the Hall-Petch fit to the calculated yield strength. Experimental data were obtained 
by nanoindentation marked with an “I”, compression marked with a “C” for tension marked with a “T”.  
(In nanoindentation tests, the yield strength was approximated as hardness divided by 3.0 41).
Figure 4. Comparison of predicted yield strengths under compression in z- and x-directions: (a) NC Ni (b) NC Cu.
www.nature.com/scientificreports/
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combination, a pronounced strength scaling is not apparent. Neither a Hall-Petch nor an inverse Hall-Petch rela-
tionship can be concluded from the data.
In this plot, we also show the calculated yield strengths from five initially textured materials, with the random 
texture, deposited {111}, {100}, {110} textures, and SPD {112} texture. As seen in Ni, the differences in yield stress 
for Cu as a result of texture are significant, indicating a pronounced effect of texture. The comparison indicates 
that the model achieves good agreement with the data, and taken together, the model curves bound the data. 
Again, like Ni, the consistency between model and measurement imply that texture can contribute to the varia-
tion in the data observed among results reported in different studies.
One of the main results of this work is that a Hall-Petch scaling manifests in the computed yield strengths, 
for all initial textures and loading directions. The relationship is not a consequence of the grain size constraint 
on the length of dislocation pile-ups but on the length of dislocation sources in the grain boundaries. The 
source lengths and hence the stress to emit a dislocation are statistically distributed and fundamentally the 
critical stress does not follow a D−1/2 scaling. Rather the D−1/2 in macroscopic 0.2% yield and flow strength 
emerges from the collective response of the random emission of discrete slip events on multiple slip systems 
in an aggregate of grains.
To quantitatively analyze the effects of texture on yield stress, it can be useful to calculate the Taylor factor mT. 
Here we define mT as the inverse of the average of the five largest Schmid factors in each grain, which is then aver-
aged over all grains. Accordingly, mT is dependent solely on the relationship of the loading direction and texture. 
The values of mT for different textures are listed in Table 1. Figure 5(a) is a plot of the calculated Hall-Petch slope 
with mT for all the cases studied here. We observe in Fig. 5(a) a strong correlation between Hall-Petch slope, k, 
and mT, which is compelling because it suggests that the following Hall-Petch relationship can be applied to NC 
materials, via
σ α∝ <−m D D( 100 nm) (5)T
1/2
where α is a material dependent parameter, which is 3.59 GPa ∙ nm1/2 for Ni and 1.33 GPa ∙ nm1/2 for Cu. Thus 
the material parameter (α), grain size (D), and texture effects (mT) can be factored separately and embodied alto-
gether into the Hall-Petch coefficient.
This scaling can explain why for a given texture, the yield anisotropy increases with reductions in D. If we 
express yield anisotropy as the difference in yield between the two test directions, say between z-direction and 
x-direction compression, ψ = |σ z − σ x|, then from equation (5) we can expect that anisotropy would increase with 
decreasing grain size according to:
ψ α= ∆ −m D (6)T
1/2
Texture Random Deposited (100) Deposited (110) Deposited (111) SPD (112)
x-compression 2.85 2.66 2.93 2.99 3.55
z-compression 2.85 2.42 2.97 3.44 3.01
Table 1.  Values of mT for different textures.
Figure 5. (a) Calculated Hall-Petch slope vs. mT for all the cases studied; (b) comparison of the yield anisotropy, 
ψ = |σ z − σ x| for deposited (111) and SPD (112) textures.
www.nature.com/scientificreports/
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As ψ is proportional to ∆ = −m m mT T
z
T
x then a larger ∆mT will induce a higher ψ. For a randomly texture 
NC material, ∆ =m 0T  and hence the anisotropy is zero, as predicted in simulation. Consistent with this predic-
tion, the yield anisotropy of the SPD (112) textured material is calculated to be stronger than that of the deposited 
(111) textured material as shown in Fig. 4(b).
Discussion
The analysis shows that provided that the texture and loading direction with respect to the texture are fixed, a 
Hall-Petch scaling can arise. It also demonstrates that the variation in strength caused by different starting tex-
tures can be sufficiently large. The effect becomes more pronounced with increasing strength or equivalently, in 
these cases, with decreasing grain size. The important implication is that it would be difficult to discern a scaling 
law in grain size when involving samples varying not only in grain size but also in their initial texture. Otherwise, 
it could be wrongly concluded that Hall-Petch scaling does not occur or that an inverse Hall-Petch, a reduction in 
strength with smaller grain sizes, does occur.
In summary, we explore the effect of initial texture on scaling of strength with nanograin size in nanocrystal-
line (NC) Cu and Ni using a crystal plasicity based mechanics model. The only plastic deformation mechanism 
within the model occurs via the statistical emission of dislocations from grain boundaries. The distribution of 
source lengths in the grain boundaries and the distance that dislocations travel in the grain are both limited by 
grain size. The model predicts a Hall-Petch strength scaling for all textures studied, from a non-textured material 
(random) to those typical of electro-deposited NC materials and those made by severe plastic deformation. Good 
agreement is achieved with numerous reported data sets in the literature. We show that the Hall-Petch slope 
depends sensitively on texture and is proportional to the Taylor factor. An important consequence is that plastic 
anisotropy in yield and flow stresses, resulting from texture, will be enhanced as the nanocrystalline grain size 
decreases. These findings can provide valuable insight into improving nanomaterial processing techniques via 
texture control, a highly influential, previously overlooked aspect of the nanostructure.
Methods
In this study, a discrete CPFE model is implemented into finite element software package Abaqus CAE in con-
junction with a user-defined material subroutine (UMAT) originally developed by Marin etc.34. The model con-
sists of 20 × 20 × 20 grains, wherein each grain represented by an eight-node brick finite element with reduced 
integration (C3D8R). The kinematics of crystal deformation is based on the multiplicative decomposition of the 
deformation gradient F:
=F F F (7)e p
where Fe is elastic deformation gradient and Fp is plastic deformation gradient. The plastic deformation evolves as
=F L F (8)p P p
The key modification made here concerns the plastic part of the velocity gradient, Lp. It accounts for the plastic 
deformation generated by dislocation glide on crystallographic slip planes and is taken to be the summation of the 











where bα and nα are the slip direction and slip plane normal on slip system α, γα

 is the shear strain rate on slip 
system α, and N is the number of slip systems. The form of γα

 is adapted for statistical emission of dislocations 
from grain boundaries and is described in Section of Discrete-CPFE.
References
1. Armstrong, R. W. 60 Years of Hall-Petch: Past to Present Nano-Scale Connections. Mater. Trans. 55, 2–12, doi: 10.2320/matertrans.
MA201302 (2014).
2. Hirth, J. P. & Lothe, J. Theory of Dislocations. (Krieger, Malabar, 1982).
3. Li, L. et al. The stress–strain response of nanocrystalline metals: A quantized crystal plasticity approach. Acta. Mater. 57, 812–822, 
doi: 10.1016/j.actamat.2008.10.035 (2009).
4. Hansen, N. Polycrystalline strengthening. Metall. Trans. A 16, 2167–2190, doi: 10.1007/bf02670417 (1985).
5. Conrad, H. Grain-size dependence of the flow stress of Cu from millimeters to nanometers. Metall. Mater. Trans. A 35, 2681–2695, 
doi: 10.1007/s11661-004-0214-5 (2004).
6. Kocks, U. F., Tomé, C. N., Wenk, H.-R. & Mecking, H. Texture and Anisotropy: Preferred Orientations in Polycrystals and their Effect 
on Materials Properties (Cambridge University Press, 2000).
7. Dalla Torre, F., Van Swygenhoven, H. & Victoria, M. Nanocrystalline electrodeposited Ni: microstructure and tensile properties. 
Acta. Mater. 50, 3957–3970, doi: 10.1016/S1359-6454(02)00198-2 (2002).
8. Ebrahimi, F., Bourne, G. R., Kelly, M. S. & Matthews, T. E. Mechanical properties of nanocrystalline nickel produced by 
electrodeposition. Nanostruct. Mater. 11, 343–350, doi: 10.1016/S0965-9773(99)00050-1 (1999).
9. Hughes, G. D., Smith, S. D., Pande, C. S., Johnson, H. R. & Armstrong, R. W. Hall-petch strengthening for the microhardness of 
twelve nanometer grain diameter electrodeposited nickel. Scripta Metall. Mater. 20, 93–97, doi: 10.1016/0036-9748(86)90219-X 
(1986).
10. Schuh, C. A., Nieh, T. G. & Yamasaki, T. Hall–Petch breakdown manifested in abrasive wear resistance of nanocrystalline nickel. 
Scripta Mater. 46, 735–740, doi: 10.1016/S1359-6462(02)00062-3 (2002).
11. Schwaiger, R., Moser, B., Dao, M., Chollacoop, N. & Suresh, S. Some critical experiments on the strain-rate sensitivity of 
nanocrystalline nickel. Acta. Mater. 51, 5159–5172, doi: 10.1016/S1359-6454(03)00365-3 (2003).
www.nature.com/scientificreports/
8Scientific RepoRts | 6:26254 | DOI: 10.1038/srep26254
12. El-Sherik, A. M., Erb, U., Palumbo, G. & Aust, K. T. Deviations from hall-petch behaviour in as-prepared nanocrystalline nickel. 
Scripta Metall. Mater. 27, 1185–1188, doi: 10.1016/0956-716X(92)90596-7 (1992).
13. Xiao, C., Mirshams, R. A., Whang, S. H. & Yin, W. M. Tensile behavior and fracture in nickel and carbon doped nanocrystalline 
nickel. Mat. Sci. Eng. A-Struct. 301, 35–43, doi: 10.1016/S0921-5093(00)01392-7 (2001).
14. Godon, A. et al. Effects of grain orientation on the Hall–Petch relationship in electrodeposited nickel with nanocrystalline grains. 
Scripta Mater. 62, 403–406, doi: 10.1016/j.scriptamat.2009.11.038 (2010).
15. Champion, Y., Guérin-Mailly, S., Bonnentien, J. L. & Langlois, P. Fabrication of bulk nanostructured materials from metallic 
nanopowders: structure and mechanical behaviour. Scripta Mater. 44, 1609–1613, doi: 10.1016/S1359-6462(01)00782-5 (2001).
16. Chen, J., Lu, L. & Lu, K. Hardness and strain rate sensitivity of nanocrystalline Cu. Scripta Mater. 54, 1913–1918, doi: 10.1016/j.
scriptamat.2006.02.022 (2006).
17. Das, D., Samanta, A. & Chattopadhyay, P. P. Mechanical Properties of Bulk Ultrafine-Grained Copper. Syn. React. Inorg. Met. 36, 
221–225, doi: 10.1080/15533170500524769 (2006).
18. Khan, A., Farrokh, B. & Takacs, L. Compressive properties of Cu with different grain sizes: sub-micron to nanometer realm. J. Mater. 
Sci. 43, 3305–3313, doi: 10.1007/s10853-008-2508-2 (2008).
19. Shen, T. D., Koch, C. C., Tsui, T. Y. & Pharr, G. M. On the elastic moduli of nanocrystalline Fe, Cu, Ni, and Cu–Ni alloys prepared by 
mechanical milling/alloying. J. Mater. Res. 10, 2892–2896, doi: 10.1557/JMR.1995.2892 (1995).
20. Youngdahl, C. J., Sanders, P. G., Eastman, J. A. & Weertman, J. R. Compressive yield strengths of nanocrystalline Cu and Pd. Scripta 
Mater. 37, 809–813, doi: 10.1016/S1359-6462(97)00157-7 (1997).
21. Youssef, K. M., Scattergood, R. O., Linga Murty, K. & Koch, C. C. Ultratough nanocrystalline copper with a narrow grain size 
distribution. Appl. phys. Lett. 85, 929–931, doi: 10.1063/1.1779342 (2004).
22. Nizolek, T., Beyerlein, I. J., Mara, N. A., Avallone, J. T. & Pollock, T. M. Tensile Behavior and Flow Stress Anisotropy of Accumulative 
Roll Bonded Cu-Nb Nanolaminates. Appl. phys. Lett. Accepted, doi: 10.1063/1.4941043 (2016).
23. Kumar, K. S., Van Swygenhoven, H. & Suresh, S. Mechanical behavior of nanocrystalline metals and alloys1. Acta. Mater. 51, 
5743–5774, doi: 10.1016/j.actamat.2003.08.032 (2003).
24. Kumar, K. S., Suresh, S., Chisholm, M. F., Horton, J. A. & Wang, P. Deformation of electrodeposited nanocrystalline nickel. Acta. 
Mater. 51, 387–405, doi: 10.1016/S1359-6454(02)00421-4 (2003).
25. Armstrong, R. W. Hall-Petch analysis of dislocation pileups in thin material layers and in nanopolycrystals. J. Mater. Res. 28, 
1792–1798, doi: 10.1557/jmr.2013.10 (2013).
26. Meyers, M. A., Mishra, A. & Benson, D. J. Mechanical properties of nanocrystalline materials. Progress in Materials Science 51, 
427–556, doi: 10.1016/j.pmatsci.2005.08.003 (2006).
27. You, Z. et al. Plastic anisotropy and associated deformation mechanisms in nanotwinned metals. Acta. Mater. 61, 217–227, doi: 
10.1016/j.actamat.2012.09.052 (2013).
28. Ott, R. T. et al. Optimization of strength and ductility in nanotwinned ultra-fine grained Ag: Twin density and grain orientations. 
Acta. Mater. 96, 378–389, doi: 10.1016/j.actamat.2015.06.030 (2015).
29. Beyerlein, I. J., Li, S. & Alexander, D. J. Modeling the plastic anisotropy in pure copper after one pass of ECAE. Mat. Sci. Eng. 
A-Struct. 410–411, 201–206, doi: 10.1016/j.msea.2005.08.113 (2005).
30. McDowell, D. L. A perspective on trends in multiscale plasticity. Int. J. Plasticity 26, 1280–1309, doi: 10.1016/j.ijplas.2010.02.008 (2010).
31. Van Swygenhoven, H. & Derlet, P. M. In Dislocations in Solids Volume 14 (ed. J. P. Hirth) 1–42 (Elsevier, 2008).
32. Yuan, R., Beyerlein, I. J. & Zhou, C. Emergence of grain-size effects in nanocrystalline metals from statistical activation of discrete 
dislocation sources. Acta. Mater. 90, 169–181, doi: 10.1016/j.actamat.2015.02.035 (2015).
33. Lebensohn, R. A., Castañeda, P. P., Brenner, R. & Castelnau, O. In Computational Methods for Microstructure-Property Relationships 
(eds Somnath Ghosh & Dennis Dimiduk) 393–441 (Springer US, 2011).
34. Marin, E. B. & Dawson, P. R. On modelling the elasto-viscoplastic response of metals using polycrystal plasticity. Comput. Method. 
Appl. M. 165, 1–21, doi: 10.1016/S0045-7825(98)00034-6 (1998).
35. de Sensal, C., Devincre, B. & Kubin, L. In Mechanical Properties of Solids Xi Vol. 423 Key Eng. Mat. (ed. N. DelaRosa Fox) 25–32 (2010).
36. Foreman, A. J. E. The bowing of a dislocation segment. Philos. Mag. 15, 1011–1021, doi: 10.1080/14786436708221645 (1967).
37. Nizolek, T. et al. Processing and Deformation Behavior of Bulk Cu–Nb Nanolaminates. Metall., Micro. and Anal. 3, 470–476, doi: 
10.1007/s13632-014-0172-2 (2014).
38. Zheng, S. et al. High-strength and thermally stable bulk nanolayered composites due to twin-induced interfaces. Nat. Commun. 4, 
1696, doi: 10.1038/ncomms2651 (2013).
39. Schuh, C. A., Nieh, T. G. & Iwasaki, H. The effect of solid solution W additions on the mechanical properties of nanocrystalline Ni. 
Acta. Mater. 51, 431–443, doi: 10.1016/s1359-6454(02)00427-5 (2003).
40. Wang, Y. M. et al. Achieving Large Uniform Tensile Ductility in Nanocrystalline Metals. Phys. Rev. Lett. 105, doi: 21550210.1103/
PhysRevLett.105.215502 (2010).
41. You, Z. S., Lu, L. & Lu, K. Tensile behavior of columnar grained Cu with preferentially oriented nanoscale twins. Acta. Mater. 59, 
6927–6937, doi: 10.1016/j.actamat.2011.07.044 (2011).
42. Demir, E., Roters, F. & Raabe, D. Bending of single crystal microcantilever beams of cube orientation: Finite element model and 
experiments. J. Mech. Phys. Solids. 58, 1599–1612, doi: 10.1016/j.jmps.2010.07.007 (2010).
43. Takeuchi, T. Orientation Dependence of Work Herdening of Copper Single Crystals near the [111] Axis. J. Phys. Soc. Jpn. 41, 
490–495, doi: 10.1143/JPSJ.41.490 (1976).
44. Devincre, B., Hoc, T. & Kubin, L. Dislocation Mean Free Paths and Strain Hardening of Crystals. Science 320, 1745–1748, doi: 
10.1126/science.1156101 (2008).
Acknowledgements
R.Y. and C.Z. gratefully acknowledge financial support from The University of Missouri Research Board and 
MRC at Missouri University of Science and Technology. I.J.B. gratefully acknowledges support from the Los 
Alamos National Laboratory (LANL) Laboratory Directed Research and Development (LDRD) Program through 
project number LDRD 20140348ER.
Author Contributions
R.Y. conducted simulations. C.Z. and I.J.B. conceived the ideas. C.Z. managed the project. R.Y., I.J.B. and C.Z. 
wrote the paper.
Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Yuan, R. et al. Coupled crystal orientation-size effects on the strength of nano crystals. 
Sci. Rep. 6, 26254; doi: 10.1038/srep26254 (2016).
www.nature.com/scientificreports/
9Scientific RepoRts | 6:26254 | DOI: 10.1038/srep26254
This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
